Transthyretin (TTR) tetramer dissociation and misfolding affords a monomeric amyloidogenic intermediate that misassembles into aggregates including amyloid fibrils. Amyloidogenesis of wild-type (WT) TTR causes senile systemic amyloidosis (SSA), whereas fibril formation from one of the more than 80 TTR variants leads to familial amyloidosis, typically with earlier onset than SSA. Several nonsteroidal anti-inflammatory drugs (NSAIDs) stabilize the native tetramer, strongly inhibiting TTR amyloid fibril formation in vitro. Structure-based designed NSAID analogs are even more potent amyloid inhibitors. The effectiveness of several NSAIDs, including diclofenac, diflunisal, and flufenamic acid, as well as the diclofenac analog, 2-[(3,5-dichlorophenyl) amino] benzoic acid (inhibitor 1), has been demonstrated against WT TTR amyloidogenesis. Herein, the efficacy of these compounds at preventing acid-induced fibril formation and urea-induced tetramer dissociation of the most common disease-associated TTR variants (V30M, V122I, T60A, L58H, and I84S) was evaluated. Homotetramers of these variants were employed for the studies within, realizing that the tetramers in compound heterozygote patients are normally composed of a mixture of WT and variant subunits. The most common familial TTR variants were stabilized substantially by flufenamic acid and inhibitor 1, and to a lesser extent by diflunisal, against acid-mediated fibril formation and chaotrope denaturation, suggesting that this chemotherapeutic option is viable for patients with familial transthyretin amyloidosis. The amyloidoses are a large group of postsecretory protein misfolding diseases wherein a peptide or protein misassembles into aggregates of varying morphology in the extracellular spaces. These aggregates include amyloid fibrils having a cross b-sheet structure. The pathology of these diseases seems to be orchestrated by soluble diffusible precursors of amyloid fibrils through direct toxicity, through disruption of cellular function, or through the mediation of chronic inflammation.
The amyloidoses are a large group of postsecretory protein misfolding diseases wherein a peptide or protein misassembles into aggregates of varying morphology in the extracellular spaces. These aggregates include amyloid fibrils having a cross b-sheet structure. The pathology of these diseases seems to be orchestrated by soluble diffusible precursors of amyloid fibrils through direct toxicity, through disruption of cellular function, or through the mediation of chronic inflammation. [1] [2] [3] The conversion of a folded protein to amyloid fibrils generally requires partial unfolding facilitated by a mutation in the protein, a change in environment, or both. [4] [5] [6] [7] [8] Transthyretin (TTR), a tetrameric protein composed of identical subunits, transports thyroxine and the retinol binding protein-vitamin A complex in the serum and cerebrospinal fluid. [9] [10] [11] Dissociation of tetramic TTR and partial monomer unfolding is required for amyloid fibril formation. 4, 12 TTR fibril formation leads to the diseases senile systemic amyloidosis (SSA), familial amyloid polyneuropathy (FAP), and familial amyloid cardiomyopathy (FAC). The amyloid fibrils deposited in patients with SSA comprise exclusively wild-type (WT) TTR, while the fibrils found in patients with FAP and FAC are made up primarily of variant TTR. [13] [14] [15] SSA affects, to some extent, 25% of the population over 80 years of age, and primarily involves deposition of amyloid in the heart resulting in congestive heart failure. 16, 17 With FAP, peripheral nerve involvement is prominent, whereas with FAC, cardiac involvement is prominent. 18 More than 80 single site variants of TTR lead to FAP or FAC, 19, 20 however, only a few of the TTR variants lead to the majority of FAP and FAC cases based on the literature. 17, [19] [20] [21] These include V30M, V122I, T60A, L58H, and I84S. Details such as age of onset, disease course, locale, and cases reported by these common TTR variants are described in Table 1 .
Several structurally distinct classes of small molecule TTR amyloid inhibitors have been discovered through screening or elaborated through structure-based design. [23] [24] [25] [26] These inhibitors function by binding one or both of the two equivalent thyroxine (T 4 ) sites at the TTR quarternary structure interface. Binding to the largely unoccupied (495%) T 4 sites stabilizes the native state of TTR to an extent proportional to the binding affinity. Native state stabilization substantially raises the barrier for the TTR dissociation, which is the typical rate-limiting step of TTR amyloidogenesis. 23, 24, 26, 27 The structures of the inhibitors utilized in this study, along with their corresponding dissociation constants, maximum therapeutic serum levels, and human plasma binding stoichiometries are summarized in Table 2. 23,28-30 Diclofenac, diflunisal, and flufenamic acid are all nonsteroidal antiinflammatory drugs (NSAIDs). The first two are Food and Drug Administration (FDA) approved. Diclofenac is a modest fibril formation inhibitor in vitro against WT and V30M TTR. 25 Moreover, its low maximum therapeutic level and low binding stoichiometry with TTR in human plasma limits its usefulness clinically (Table 2) . Diflunisal is a better fibril formation inhibitor relative to diclofenac against WT TTR. 23 Diflunisal has also been shown to have a binding stoichiometry exceeding 1.5 to serum TTR when given orally to human subjects at its recommended dosage (Sekijima Y., unpublished data). Flufenamic acid is slightly better at inhibiting WT TTR fibril formation in comparison to diflunisal. Flufenamic acid is a commonly used NSAID outside USA, but it is not FDA approved. Flufenamic acid has increased binding affinity as well as increased plasma selectivity for WT TTR as compared to diclofenac and diflunisal ( Table 2 ). The diclofenacanalog inhibitor 1 (2-[(3,5-dichlorophenyl) amino] benzoic acid) was synthesized based on structurebased drug design suggestions. 25 Inhibitor 1 has the highest binding affinity (Table 2 ) and inhibitor efficacy against WT TTR amyloidogenesis, 25 however, it is not an approved drug and its safety is unknown.
Here we explored the ability of the above inhibitors to stabilize the most common TTR variant homotetramers against amyloidogenesis mediated by partial acid denaturation in vitro and against dissociation mediated by urea denaturation. Our results show that the strategy of utilizing small molecule inhibitors to stabilize TTR against amyloidogenesis can be extended to the majority of common variants associated with FAP and FAC. These results provide incentive to continue developing compounds for clinical trials. We also set out to identify the most effective inhibitors as well as to investigate whether the altered kinetic and thermodynamic parameters of the TTR variants predict the relative efficacy of the inhibitors against these variants.
Materials and methods

Protein Expression and Purification
The V30M, T60A, L58H, I84S, and V122I plasmids were prepared utilizing the QuickChange sitedirected mutagenesis procedure from Stratagene (La Jolla, CA, USA) using WT TTR DNA as the template. Mutations were verified by DNA sequencing. Recombinant WT TTR and variants were expressed in BL21/DE3 Epicurean gold Escherichia coli transformed with pmmHa plasmids containing the TTR and ampicillin-resistance genes. Expression and purification were performed as described in detail previously. 31 Protein identification was verified through mass spectrometry.
Urea-Mediated Unfolding of TTR (T60A, L58H, I84S) Measured by Tryptophan Fluorescence
Samples containing TTR (0.1 mg/ml) were incubated (251C) at various concentrations of urea in 50 mM phosphate buffer (pH 7.0; 100 mM KCl, 1 mM EDTA, 1 mM DTT) for 96 h. Urea solutions were checked by refractive index to verify the concentration prepared by weight. All TTR Trp fluorescence spectra were recorded over the range of 310 to 410 nm with excitation at 295 nm. The fluorescence ratio at 355 and 335 nm was used as a structural probe as described previously. 32 
Fibril Formation Assay of TTR Variants with Small Molecule Inhibitors
Inhibitors diclofenac, diflunisal, flufenamic acid, and inhibitor 1 were each dissolved in DMSO stock solutions of 7.2, 14.4, and 21.6 mM. Then 0.5 ml of each stock solution was added to 500 ml of each TTR variant stock solution (7.2 mM in 10 mM sodium phosphate, 100 mM KCl, 1 mM EDTA, 1 mM DTT (pH 7)) to achieve inhibitor concentrations of 7.2, 14.4, and 21.6 mM, respectively. DMSO (0.5 ml) was added to 500 ml of each TTR variant to serve as a control in samples without inhibitor. These samples were incubated for 3 h and then they were diluted 1:1 with 100 mM acidification buffer (100 mM) containing 100 mM KCl, 1 mM EDTA, and 1 mM DTT. Citrate buffer was used when a final pH r3.8 was desired; acetate buffer was used for the pH range of 4.1-5.8; and phosphate buffer was utilized for pH from 6.2 to 6.8. Samples were incubated at 371C for 72 h without stirring after acidification. Fibril formation was then quantified by determining the turbidity of the solution at 400 nm after vortexing the sample for 5 s. The pH of maximum fibril formation for each TTR variant was determined, and the amount of fibril formation without inhibitor was defined as 1.0.
Rate of Tetramer Dissociation of TTR Variants with Small Molecule Inhibitors as Measured by Circular Dichroism Spectroscopy
Inhibitors diclofenac, diflunisal, flufenamic acid, and inhibitor 1 were suspended in ethanol stock solutions of 9 mM. Inhibitor stock solutions (2, 4, and 6 ml) were added to 1 ml of each TTR variant stock solution (1 mg/ml in 50 mM sodium phosphate, 100 mM KCl, 1 mM EDTA, 1 mM DTT (pH 7)) in Eppendorfs. Ethanol (4 ml) was added to 1 ml of each variant TTR stock to serve as control without inhibitor. The samples were incubated for 6 h at 251C and then 400 ml was transferred to a 2 ml tube. Then 1300 ml of 10 M urea (50 mM sodium phosphate, 100 mM KCl, 1 mM DTT (pH 7)) and 300 ml buffer (50 mM sodium phosphate, 100 mM KCl, 1 mM DTT (pH 7)) were added to 2 ml tube for a final urea concentration of 6.5 M and a final TTR concentration of 3.6 mM. The 2 ml samples were vortexed and then far-UV CD spectra (210-220 nm) were measured intermittently up to approximately 200 h at 251C. The slow dissociation rate was measured by linking it to fast tertiary structural changes. 33 
Results
Relative Thermodynamic and Kinetic Stability of the TTR Variants TTR structural stability can be ascertained by Trp fluorescence-monitored urea denaturation curves. 33 Despite significant efforts, it has proven very difficult to extract thermodynamic parameters from these data because the quarternary and tertiary structural transitions are linked. Nonetheless, the structural stability of the familial variants studied herein can be rank ordered to assess whether homotetramer stability is related to the relative effectiveness of a given small molecule inhibitor. Urea denaturation mid points (C m ) can be used for this purpose provided the m-values, the sensitivity of the various homotetramers to urea denaturation, are similar. The urea denaturation curves of the TTR variants used in this study that were not reported previously (T60A, L58H, and I84S) are shown in Figure 1 . The C m 's of the urea denaturation curves of T60A, L58H, and I84S were 2.8, 2.3, and 2.4, respectively ( Table 3 ). The C m 's for WT, V122I, and V30M have been determined prior to this study 33 and were 3.4, 3.4, and 2.0, respectively (Table 3 ). These data indicate that all common TTR variants, with the exception of V122I, are less stable than WT towards urea denaturation. Urea will not directly denature a TTR tetramer; dissociation to monomer is required to observe denaturation. The half-life for tetramer dissociation was determined by linking the slow process of dissociation to the rapid tertiary structural changes easily monitored by circular dichroism spectroscopy in 6.5 M urea. 33 These experiments yielded half-lives for WT, V30M, V122I, T60A, L58H, and I84S TTR of 15.4, 11.8, 6.9, 10.5, 10.5, and 11.2 h, respectively (Figure 2, Table 3 ). These data indicate that all common TTR mutants dissociate faster than WT TTR (0.2 mg/ml) in 6.5 M urea.
Influence of Inhibitors on Fibril Formation of Common TTR Variants
The extent of variant TTR amyloid fibril formation as a function of pH and inhibitor concentration was evaluated by measuring turbidity at 400 nm after 72 h of incubation. The TTR concentration employed (3.6 mM) is the average physiologic concentration, while the inhibitors were evaluated at 3.6, 7.2, and 10.8 mM concentrations. In this study, the efficacy of inhibition for each variant homotetramer was measured under conditions (pHs) optimal for maximal TTR fibril formation. The results are shown in Figure  3 . The inhibitors used in this study were effective at reducing fibril formation below 10% of that exhibited by the positive control when employed at a concentration of 7.2 mM, with the exception of diclofenac, which did not achieve this efficacy for V122I, T60A, or I84S TTR. The difference between the inhibitors was more clearly revealed when employed at a concentration equal to that of TTR (3.6 mM). The order of efficacy of the compounds against amyloidogenesis was the same for all variants: inhibitor 1 was superior, followed by flufenamic acid, then diflunisal, and, lastly, diclofenac.
Influence of Inhibitors on Rate of Variant TTR Homotetramer Dissociation
Tetramer dissociation rates were measured by linking slow quarternary structural changes to rapid tertiary structural changes by a method described previously. 32, 33 Tertiary structural changes were measured by circular dichroism in 6.5 M urea. These conditions prevent subunit refolding and render the unfolding process irreversible. The TTR concentration was 3.6 mM, while the inhibitors were evaluated at 3.6, 7.2, and 10.8 mM concentrations. Variant TTR dissociation rates as a function of diclofenac, diflunisal, flufenamic acid, and inhibitor 1 ( Figure  2 ) reveal differential dose-dependent slowing. Diclofenac slowed the WT TTR tetramer dissociation rate more than that of the variants. The most prominent loss of efficacy was with V30M, where the presence of diclofenac had little impact on the dissociation rate. This is partially explained by the a The C m of each variant homotetramer reflects the stability of the tetramer and the monomeric tertiary structure as these equilibria are linked. b The t 1/2 reported is that of tetramer dissociation in 6.5 M urea with a range to take into account the error inherent in fitting to a first order single exponential function.
decreased binding affinity of diclofenac to V30M ( Table 2 ). The only TTR variant whose dissociation was slowed to the same extent as WT was T60A. Diflunisal was more effective at inhibiting tetramer dissociation across the spectrum of TTR variants than was diclofenac. Why diflunisal is more effective than diclofenac at slowing WT TTR dissociation may be related to their binding affinities in urea, which may not be accurately reflected by the binding constants measured in physiologic buffers ( Table 2 ). The efficacy of inhibition by diflunisal is diminished proportional to variant TTR homotetramer instability (Table 3) . Diflunisal, accordingly, lost significant activity against V30M, which is the most destabilized TTR variant employed in this study. Flufenamic acid exhibited even greater slowing of dissociation tetramer. Even at concentrations of 3.6-7.2 mM, flufenamic acid was equivalent to or more effective than diflunisal at a concentration of 10.8 mM across the spectrum of variants. This is likely explained by its higher affinity to WT TTR relative to diflunisal (Table 2) . Flufenamic acid substantially slowed the dissociation rates of all the familial TTR variants, similar to its effect on WT TTR. Again, this compound was least effective against the most destabilized variant V30M. Less than 20% of the variant tetramers (not including V30M) dissociated after 200 h when flufenamic acid was utilized at a concentration of 10.8 mM.
In this group of compounds, inhibitor 1 was superior at slowing the rate of tetramer dissociation in a dose-dependent manner. In fact, this compound may be more active against some TTR variants than WT TTR. Tetramer dissociation was slowed dramatically with inhibitor 1 at a concentration of 7.2 or Figure 2 Influence of small molecule inhibitors (0 mM (K), 3.6 mM ( ), 7.2 mM ( ), 10.8 mM ( )) on the rate of WT and variant tetramer (3.6 mM) dissociation in 6.5 M urea measured by far-ultraviolet circular dichroism. Inhibitors tested include diclofenac, diflunisal, flufenamic acid, and inhibitor 1. Lines are fitted to a first order single exponential function.
10.8 mM across all TTR variants studied. In summary, the rank ordering of compounds that slow TTR tetramer dissociation is inhibitor 1, flufenamic acid, diflunisal, and then, finally, diclofenac.
Discussion
TTR amyloid fibril formation requires rate-limiting tetramer dissociation followed by a rapid conformational change in the monomer that enables monomer misassembly. The small molecule inhibitors bind TTR and stabilize the native tetramer by an amount proportional to their binding constants. 23 Selective stabilization of the ground state relative to the dissociative transition state can substantially slow tetramer dissociation as well. The kinetic stabilization mechanism utilized by the inclusion of T119M trans-suppressor subunits into tetramers otherwise composed of V30M subunits is known to ameliorate familial amyloid polyneuropathy, 23, 34, 35 making it likely that small molecule stabilization will be effective in humans. Liver transplantation is an effective means of replacing variant TTR with WT TTR in patients with TTR familial amyloidosis, 36 often ameliorating disease. Liver transplantation has many associated drawbacks, including the invasiveness of the procedure and the resultant immunocompromised state of the patient. Many patients with familial amyloidosis also have other organs affected that prevent them from being liver transplant candidates.
Small molecule inhibitors offer a potential alternative for treatment of patients with familial amyloidosis, which is practical, inexpensive, and noninvasive. While more than 80 TTR variants cause familial amyloidosis, fortunately, only a few mutations lead to the majority of cases of familial amyloidosis (V30M, V122I, T60A, L58H, and I84S). The results of this study show that small molecule inhibitors of acid-induced fibril formation and ureainduced tetramer dissociation previously demonstrated to be efficacious against WT TTR are also effective against the common familial TTR variants, especially inhibitor 1 and flufenamic acid. In this paper, we employed homotetramers of variant TTR. At present, nine FAP families homozygous for V30M TTR have been reported. [37] [38] [39] [40] [41] [42] All the homozygotes are members of families characterized by incomplete FAP penetrance. A comparison of the ages of disease onset reveals that homozygotes present slightly earlier than heterozygotes within the same family. This is compatible with our previous biophysical data, showing that amyloidogenicity slightly decreases with increasing WT subunit stoichiometry in the following order: (V30M) 4 4(V30M) 3 WT4(V30M) 2 (WT) 2 4V30M (WT) 3 4(WT) 4 . 35 Since small molecules stabilize and inhibit amyloidogenesis of homotetramers comprising FAP subunits and homotetramers of WT subunits, small molecules should also be effective against amyloidogenesis from heterotetramers that are found in patients' serum composed of WT and/or FAP subunits. Diclofenac performed poorly at both inhibiting acid-induced fibril formation and slowing ureainduced tetramer dissociation of the familial variants. These results, in combination with diclofenac's low plasma selectivity and low maximum serum concentration (Table 2) , make it a poor candidate for clinical trials. Diflunisal showed good inhibition of both fibril formation and tetramer dissociation for the majority of variants. The efficacy of diflunisal as an inhibitor of tetramer dissociation in this study was directly related to the thermodynamic stability (Table 3 ) of the TTR variant homotetramers. The decrease in diflunisal activity against V30M dissociation can be compensated for by its very high plasma concentrations ( Table 2) . A multicenter study investigating the use of diflunisal in the treatment of SSA, FAP, and FAC will soon begin.
Flufenamic acid performed a little better than diflunisal as an acid-mediated fibril formation inhibitor and much better as an inhibitor of ureainduced tetramer dissociation. Since we do not know where or how fibril formation occurs in vivo, compounds that perform well under a variety of denaturation conditions are sought. Flufenamic acid's efficacy at slowing urea-induced TTR tetramer dissociation may be the result of several factors incuding a higher affinity for tetrameric TTR in this denaturant. It is important to point out that inhibitors are typically better at preventing acidinduced fibril formation than at slowing ureainduced dissociation because the former requires misassembly of the monomeric amyloidogenic intermediate to get a signal, while the latter does not. Therefore, as long as the monomeric amyloidogenic intermediate is kept below its critical concentration, no fibril formation will occur. 23 Flufenamic acid is expected to be superior to diflunisal on account of its significantly lower dissociation constants (Table  2) . It is also possible that the dissociation constants for diflunisal and flufenamic acid are altered in acidic conditions or urea-denaturing conditions making performance better or worse than that would be expected based on K d1 and K d2 determined under physiologic conditions. 23 Flufenamic acid's plasma selectivity is also better than diflunisal's. 29 The shortcomings of flufenamic acid include its lower maximum therapeutic serum level (Table 2 ) and the fact that it is an approved drug only outside the United States.
Inhibitor 1 is superior as an acid-mediated fibril formation and urea-mediated tetramer dissociation inhibitor among this group. Its activity extends to all TTR variants with a paradoxical increase in inhibition towards tetramer dissociation with variants T60A and L58H. The efficacy of inhibitor 1 and other synthesized small molecules provides the incentive to further elaborate their structures for the treatment of SSA, FAC, and FAP. We are optimistic that small molecule inhibitors with appropriate pharmokinetic properties and minimal toxicity will be clinically useful based on their mechanistic analogies with interallelic trans-suppression, which is known to ameliorate pathology. 23 
